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ABSTRACT In the advent of becoming reality, the era of autonomous vehicles is closer than ever, and with it,
the need for faster and reliable wireless connections. The propagation channel determines the performance
limits of wireless communications, and with the aid of empirical measurements, channel modeling is the
best approach to predict and recreate how signal propagation conditions may perform. To this end, many
different approaches and techniques have been implemented, from specific applications to general models,
considering the characteristics of the environment (geometry-based or non-geometry-based) as well as
seeking high performance algorithms in order to achieve good balance between accuracy and computational
cost. This paper provides an updated overview of propagation channel models for vehicular communications,
beginning with some specific propagation characteristics of these complex heterogeneous environments in
terms of diverse communication scenarios, different combinations of link types, antenna placement/diversity,
potentially high Doppler shifts, or non-stationarity, among others. The presented channel models are
classified in four categories: empirical, non-geometry-based stochastic, geometry-based stochastic, and
deterministic models, following the classical approach. The features and key concepts of the different
vehicular communications channel models are presented, from sub 6 GHz to millimeter wave (mmWave)
frequency bands. The advantages and disadvantages of the main works in the area are discussed and
compared in a comprehensive way, outlining their contributions. Finally, future critical challenges and
research directions for modeling reliable vehicular communications are introduced, such as the effects of
vegetation, pedestrians, common scatterers, micro-mobility or spherical wavefront, which in the context of
the near future are presented as research opportunities.
INDEX TERMS Vehicular communications, channel modeling, propagation, mmWave.
I. INTRODUCTION
According to data from the World Health Organization,
annually 1.35 million people die in traffic-related acci-
dents [1]. Although more and more sensors are incorpo-
rated into cars, and as a result, their safety and comfort
are increased every moment, the solution will likely come
from the hands of self-driving cars. Self-driving vehicles are
becoming a closer reality and promise to be part of a society
The associate editor coordinating the review of this manuscript and
approving it for publication was Jiankang Zhang .
that is more organized, efficient, and safe than ever. The
concept of fully connected vehicles, which can share sen-
sor information with other vehicles or infrastructures in its
surroundings, is an important support for future Intelligent
Transportation Systems (ITS) designs. The strongest candi-
dates for the future of vehicular communication are the Dedi-
cated Short-Range Communication (DSRC) supported by the
IEEE 802.11p standard and the use of the mobile network,
also known as cellular vehicle-to-everything communication
(C-V2X), as they offer greater coverage area, low latency,
and a flexible organization [2]. Nevertheless, the future
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needs of autonomous vehicle applications require higher
bandwidth and lower communication latencies than those
that these technologies can offer. Highly data-rich applica-
tions such as automatic cloud management, large amounts
of raw data from automotive sensors and cameras, high-
speed streaming entertainment, and security-related appli-
cations with high latency restrictions (usually lower than
10 ms), have driven the new trends in vehicular communi-
cation technologies. In recent years, researchers suggest the
adoption of millimeter-wave (mmWave) frequency bands to
overcome these difficulties in bandwidth and latency. How-
ever, the description of the vehicular communication chan-
nel requires a careful analysis of signal propagation in the
environment.
In the literature, several review articles have analyzed dif-
ferent aspects of vehicular communication technology. The
work in [2] covers a wide number of research issues related
to vehicular communication, such as information related to
regulations, existing technologies, and important aspects of
the MAC layer in vehicular communication. In [3], a holistic
vision of vehicular technology is shown, delving into aspects
such as the key requirements of this technology, the most ref-
erenced standards and their limitations. The works presented
in [4]–[6] are more focused on the physical layer and channel
modeling. Theseworks present the specific considerations for
vehicular wireless channels modeling for frequencies below
6 GHz. Although many articles focus mainly on the sub-
6 GHz frequency bands, as a current trend, there is a large
number of proposals for the adoption ofmmWave frequencies
in vehicular communications. Works such as [7], condenses
extensive information on aspects such as the physical layer,
access layer, and the future of mmWave bands in vehicular
communications. In this regard, [8] presents a comprehensive
survey dedicated to communications in mmWave frequency
bands in general. Another important survey on measurements
and channel modeling for 5G systems is summarized in [9],
where important aspects of the physical layer and measure-
ment campaigns available in the literature are presented.
Furthermore, important aspects of the physical layer, and
channel modeling in the mmWave frequency bands can be
found in works such as [10]–[15], and specifically for vehic-
ular environments in [16]–[18], with relevant information
about channel modeling techniques and future challenges
around mmWave frequency bands in vehicular communica-
tion. Table 1 presents a literature review comparison from
the last ten years focused on surveys which include both,
channel modeling and vehicular communications, specifying
the vehicular use case communication (vehicle-to-vehicle,
V2V, or vehicle-to-infrastructure, V2I) and the different fre-
quency ranges (sub 6 GHz or mmWave). In this work, a
comprehensive review of channel models focused on vehic-
ular communications is presented, which complement the
previous works. The major contributions are summarized as
follows:
1) An update on recent trends in the considerations of the
physical layer in vehicular communications, channel
modeling, and measurement campaigns are introduced
and compared in a comprehensive manner.
2) The different modeling approaches of vehicular wire-
less channels are summarized, taking into account the
sub 6 GHz frequency bands and the mmWave fre-
quency bands. The advantages and disadvantages of
those models are discussed and compared in a compre-
hensive way.
3) Future research directions for modeling reliable vehic-
ular communications, along with the main investi-
gations and challenges around the different types of
vehicular links are outlined.
The rest of this paper is organized as follows. In Section II,
the special characteristics of the vehicle communication con-
text, as well as the different considerations in vehicular
communication systems design, are presented. Existing chan-
nel modeling approaches for various vehicular scenarios and
different frequencies are presented in Section III. Future
research directions and the main challenges in the area are
summarized in Section IV. Finally, conclusions are drawn in
Section V.
TABLE 1. Literature review comparison from the last 10 years focused in
channel modeling and vehicular communications.
II. VEHICULAR CHANNEL REMARKS
The specific characteristics of vehicular systems result in a
truly complex propagation environment with different prop-
erties than traditional wireless communications. Some of
these specific features range from the diverse communication
environments, different combinations of links types, poten-
tially high Doppler shifts, non-stationarity, and shadowing by
both mobile objects (surrounding vehicles) and static objects
(e.g., buildings, foliage), which makes traditional channel
propagation models unfit for V2X. Some considerations of
these characteristics are presented below.
A. VEHICLE TYPES
Although analysis of vehicle blocking is found in numerous
articles in the literature [20], [21], the study of different
types of vehicles and their effects on the received signal has
received less attention. The relationship between shadowing
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depth and duration with the obstacles dimensions is a mat-
ter of further investigation. Propagation models currently in
use mostly do not take into account the losses associated
with different types of vehicles, resulting in estimation errors
that could constitute the link loss. Articles that have evi-
denced these errors place the losses associated with blocking,
between 5 to 20 dB (some cases more than 20 dB) for vehicles
ranging from personal small vehicles to large ones such as
buses or trucks in the sub 6 GHz frequency bands [4].
B. LINK TYPES
V2X communication includes different types of links (vehicle
to e.g. vehicle (V2V), infrastructure (V2I), pedestrian (V2P),
grid (V2G)) that exhibit different propagation properties.
V2V links are defined as the communication between two
vehicles and are characterized by low-height antennas located
on the metal body of the vehicles. V2I assumes commu-
nication linking a vehicle and an infrastructure or roadside
unit. This infrastructure (i.e. access point) is characterized
by being stationary and in many cases elevated above the
relative level of vehicle height. V2P links are defined as the
communication between a vehicle and pedestrians and can be
affected by high levels of shadowing of objects such as trees,
buildings or parked cars. V2G is presented in the context of
electric vehicles (EVs), enabling the communication between
EVs and the corresponding aggregator. The differences in
mobility, shadowing, relative height of the antennas, as well
as the different combinations of each of these factors, lead to
different propagation characteristics in each link type.
C. NON-STATIONARITY
Communication models based on the Wide-Sense Station-
ary Uncorrelated Scattering (WSSUS) assumption have been
widely accepted in recent decades for channel modeling in
vehicular environments. This definition is made up of two
assumptions, the first, Wide-Sense Stationary (WSS) means
that the channel properties do not change over time. The sec-
ond, Uncorrelated Scattering (US) means that multipath con-
tributions at different delays are uncorrelated [22]. Despite
this, results obtained through experimentation have shown
that the WSS assumption is only valid for short periods of
time due to fast changes of the scatterers in the surrounding
environment and the movement of one or both transceivers.
As a result, the transmission channel in a vehicular envi-
ronment must be considered non-stationary (non-WSS) [23].
The interaction of different multipath components with the
same object, once or several times, shows that the fading
properties of multipath contributions at different delays can
be correlated in amplitude and phase (non-US). As a result,
the WSUSS assumption is not valid to describe the radio
channel in vehicular environments, requiring the creation of
non-WSUSS models [24].
D. ANTENNA PLACEMENT/DIVERSITY
Another factor to consider in vehicular communications is
the location/placement of the vehicles’ onboard antennas.
This is a relatively recent issue in the literature but with a
direct impact on the link quality. Aspects such as the radi-
ation diagrams of each antenna also have an impact on the
system performance. Other necessary studies may be devoted
to analyzing the impact of the vehicle body on the antenna
radiation pattern, and the use of antenna diversity as a means
of increasing the signal-to-noise ratio at the receiver. The
distance relationship between these antennas or its location
and number, are aspects that need in-depth studies [25]–[28].
E. HIGH DOPPLER
The main challenges facing wireless communication in
a vehicular environment are associated with the high
mobility of the transmitters and receivers as well as the
objects/scatterers around them. This particular environment
is highly dynamic with multiple scatterers in a wide mobility
range, directions and speeds, which leads to the deterio-
ration of propagation factors such as the coherence band-
width and/or the coherence time, among others. The Doppler
effect associated with V2V communication, in the case of an
Ad-Hoc system, may experience a relative mobility between
2 vehicles in opposite lanes that exceed 300 km/h result-
ing in frequencies shifts not considered in typical cellular
applications. The correlation between frequency and Doppler
effect results in an even more aggravated circumstance in
the mmWave frequency bands, that in combination with the
vehicular environment may be a critical challenge.
F. ENVIRONMENTS
The descriptive characteristics of the wireless propagation
channel are closely associatedwith the distributions and prop-
erties of the environment in which the communication takes
place. In this regard, the vehicular environment is highly vari-
able, where three typical scenarios have been usually distin-
guished in the literature: highway, urban, and rural [5]. Each
of these scenarios presents specific differences in terms of
the number of scatterers, probability of line-of-sight (LOS),
traffic density, and landscape differences. Although these
typical scenarios generally capture the main environments
in which vehicular communications take place, there are
other specific environments whose characterization has not
been sufficiently addressed. Some of these scenarios encom-
pass vehicular communication in tunnels [29], [30], round-
abouts [31]–[33], parking lots [34], [35], or bridges [36].
III. CHANNEL MODEL APPROACH
The abstraction of the transmission channel distinctive
parameters to propagation models is typically dependent on
the carrier frequency, the bandwidth, the environment in
which they propagate, and the system under consideration.
As stated in the previous section, the scenario for vehicular
wireless communication adds complexity to these consider-
ations. Consequently, propagation channel characterization
and analysis in vehicular environments requires a deep study
andmust not be underestimated as it is far from being a solved
problem. In the later subsections, a literature review on the
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different approaches for the vehicular propagation channel
modeling will be presented. The different vehicular channel
models along with its main characteristics and channel met-
rics are provided in Table 2. Furthermore, a comprehensive
comparison of the general standardized channel models is
shown in Table 3. Firstly, a detailed classification of the
vehicular channel model approaches is depicted in Figure 1.
FIGURE 1. Vehicular channel model approaches classification.
A. EMPIRICAL MODELS
Empirical models use the collection of observations, usually
obtained during measurement campaigns, in order to identify
singular patterns of the environment that it is intended to
represent. As a result, these models are very simple, with few
parameters and thus, easy to use. Despite these advantages,
its effectiveness is directly related to environments similar
to those where measurements were performed. They are
usually aimed at characterizing generic conditions such as
urban, rural, or highway environments under many assump-
tions [37]. Traditionally they are used to estimate coverage
in different areas, considering input parameters such as the
distance between the transmitter and the receiver, among
other general parameters. Since these models cannot deter-
mine situations of specific environment characteristics and
have limited accuracy, their use in vehicular communication
systems is very restricted. However, in the V2I communica-
tion case, the relationship is given by an elevated transceiver
and a mobile receiver. This relationship resembles traditional
cellular communications, so the use of models such as Cost
231-Hata can be used to calculate transmission losses in some
scenarios [38].
The main advantage of empirical models is their ability to
cover multiple urban, rural, or highway environments [39].
Many works present empirical studies for complex and/or
typical common scenarios in vehicular communication, like
the work in [40], which describes a campaign of mea-
surements in a typical V2V scenario at 5 GHz frequency,
to develop a statistical model. In [41], an empirical study
for V2V communications at 5.9 GHz is presented in a sub-
urban environment at Pittsburgh, Pennsylvania. The work
concludes that the maximum Doppler spread set a limit for
the spacing between carrier frequencies used in OFDM, and
channel estimation depends on the values of the coherence
time, suggesting that from their studies, 90% of the coherence
time (defined as the time offsets for which the autocorrelation
function drops to 90% of its peak value) is between 2 and
3 ms, implying that the packages should not be longer in
time in suburban environments. The work conducted in [42]
presents the results of empirical studies for V2V communi-
cation channels in 4 different urban intersection scenarios
at 5.6 GHz. Power Delay Profile (PDP), Path Loss (PL),
and delay spread are presented showing that the number of
propagation paths increases dramatically when both cars are
at the intersection. In [32], an empirical study at 5 GHz
frequency band considering three types of intersections is
presented. The packet delivery ratio (PDR) depending on the
distance between the vehicle and the intersection center for
different antenna locations is analyzed, presenting a generic
model that can be integrated into simulations. In [20], a mea-
surement campaign to evaluate signal propagation in V2X
scenarios is presented. The effect of shadowing produced by
large vehicles is analyzed at 5.8 GHz. Cumulative distribution
functions (CDF) of the measured excess PL are presented for
the different scenarios (V2I and V2V) at different transmitter
antenna heights. As a result, the authors state that the impact
is more significant in the V2V scenario with a maximum
shadowing level of 27 dB. For the V2I scenario, the shadow-
ing effect reaches amaximumof 23 and 21 dB considering the
different antenna heights. In addition, a scalable shadowing
model for simulation of V2X communication is also proposed
in the research work [20]. Furthermore, reference [43] states
that intersections in urban areas must be considered as more
challenging scenarios for vehicular communications than in
rural or highway environments. The work presents experi-
mental measurements at 5.9 GHzwith six different dimension
vehicles, considering different heights for the transmitting
and receiving antennas, obtaining a model for Vehicular Ad-
Hoc Network (VANET) simulations. In [44], an empirical
study at 5.8 GHz is presented for the PL characterization in
V2V communication. Two vehicles of the same characteris-
tics are considered with antennas located on their top roof,
in three different scenarios: urban, suburban and highway.
They conclude that PL parameters are strongly dependent on
the type of environment, the vehicles physical characteris-
tics and the antenna heights. These conclusions also demon-
strate the specific characteristics of empirical studies, closely
related to the environments in which they are performed.
In general, many of these studies are the fundamental basis
for obtaining stochastic models and for the validation of
deterministic models.
B. NON-GEOMETRY STOCHASTIC MODELS
Stochastic models are used to predict the modeled system
values, considering the random elements occurrence within
the system. They are designed to simulate uncertainty in
different scenarios. These models can be relatively versatile
to describe propagation channels in different environments.
One of the most widely used non-geometry-based stochas-
tic model (NGSM) is the Tap Delay Line (TDL), which
VOLUME 9, 2021 15905
F. A. Rodríguez-Corbo et al.: Propagation Models in Vehicular Communications
describes the impulse response of the propagation channel
through a finite impulse response (FIR) filter with a discrete
number of taps. Each tap can contain different propagation
paths with statistics generally obtained from measurement
campaigns. In these models, the average received power in
each tap is represented with an exponential decrease. The
fading is implemented by varying the amplitude of each tap
over time, associated with a probabilistic fading character-
istic. TDL can model channels with a strong line-of-sight
(Rician fading) or non-line-of-sight (Rayleigh fading).
TDL was widely used by early models of wireless chan-
nels at indoor and outdoor environments, due to its relative
simplicity and accuracy, in terms of low computational cost
and easy implementation in both software and hardware.
Indeed, the main objective of multiple measurement cam-
paigns is to extract statistics for the implementation of TDL
models [45]. In vehicular TDL channel modeling, one of
the first models was developed by [46], where six scenarios
(3 V2V and 3 V2I) are analyzed at 5.9 GHz in Atlanta,
Georgia. The work concludes that the transmission channel
related to V2V communication in the Expressway scenario
has the highest Packet Error Rate (PER). These models have
been adopted for the V2V channel model standard in IEEE
802.11p [47] which employs the 6- and 12-tap models, based
on wide-sense stationary uncorrelated scattering (WSSUS)
channels assuming that all multi-path channels at differ-
ent delays are not correlated and the channel statistics are
invariant for short periods of time. Based on the WSSUS
assumption, classical TDLmodels do not consider the impact
of non-stationarity of channel statistics [6]. Nevertheless,
the high mobility associated with the vehicular environment
makes the transmission channel statistics change over time.
This comes associated with changes in the received power
signal with distance between the transmitter, receiver and
scatterers. Thus, multi-path fading may be propitiated by
the interaction with the same object through different paths.
Considering these characteristics, the application of WSSUS
in vehicular environments may introduce erroneous values in
the estimations. Therefore, to model the non-stationarity of
the channel, parameters such as the received power and the
time delay need to be modeled as time variables.
In [48], a V2V communication channel model is presented,
where the TDLmethod is used in combination with stochastic
geometric methods. This design allows the effective simu-
lation of the contribution drift of scatters from one tap to
another. It is concluded that the non-stationary characteristics
of the vehicular environment must be considered. Classic
versions of TDL based models assume no scatterers corre-
lation, but this assumption is contradictory to vehicular chan-
nels characteristics. Studies such as that carried out in [49]
present a method to generate correlated taps in V2V commu-
nications, where the propagation model can generate V2V
channels correlated in both amplitude and phase. It is con-
cluded that the inclusion of non-WSSUS properties increases
the ability to represent the vehicle communications channel.
In [50], a TDL model is proposed, based on a measurement
campaign at 5.3 GHz in Helsinki, Finland. Through the-
oretical experiments, three types of spectrum Doppler are
identified of regular occurrence. The non-stationary charac-
teristics in vehicular communications lead to adjustments to
classic TDL models. The work presented in [24] proposes a
propagation model based on TDL that takes into account the
non-WSSUS for V2V communications at 5.9 GHz. The work
considers that different taps are correlated both in amplitude
and in phase, so the correlated taps represent the interaction
with the same object. To simulate the non-WSS property,
a first-order two-state Markov chain is used.
C. GEOMETRY BASED STOCHASTIC MODELS
Geometry-based stochastic models (GBSM) use a simplified
distribution of scatterers around the transceivers to identify
and emulate the real environment statistics. According to
the simplified way in which these scatterers are distributed,
GBSM can be subdivided into regular and irregular shaped.
Regular-shaped geometry-based stochastic models (RS
GBSM) use the distribution of scatterers around the trans-
mitter and receiver with the shape of one or more regular
figures (circular, elliptical or other shapes). In [51], a 2D
RS GBSM propagation model based on the 2-ring model is
presented. The work includes a mobile-to-mobile scenario
communication system at mmWave bands and the use of
MIMO systems. The model adopts a cluster-based structure,
fine-tuning the clusters parameters (number, center posi-
tion, intra-cluster non-isotropic scattering degree) and can be
adjusted to a variety of scenarios, reflecting more precisely
the shadowing effect. As a conclusion it is found that, when
a directional antenna is used, a high channel correlation is
obtained (compared to an omnidirectional antenna), reducing
the degree of non-stationarity for mobile-to-mobile channels
which could simplify the system evaluation. Reference [52]
presents a RS GBSM for mobile-to-mobile communications
in MIMO systems, with the combination of the 2-ring model
in conjunction with the ellipse-based model. As a result,
the traffic density effect on channel modeling is also repre-
sented. Although the use of regular shapes can reduce the sce-
nario complexity as well as represent the different scenarios
in simpler sets, irregular models can represent communica-
tion environments in a more realistic way. In these irregular
models, the scatterers distribution is usually performed
stochastically following an irregular shape. The work pre-
sented in [53] describes an irregular-shape geometry-based
stochastic model (IS GBSM) for V2V communication based
on 5.2 GHz measurement campaigns conducted in Helsinki,
Finland. The model is for single input single output (SISO)
systems and it is validated with the measured data. Another
work presented in [54] shows an IS GBSM for V2V commu-
nications, implemented for MIMO systems based on 5.2 GHz
measurement campaigns in Lund, Sweden. It is argued that
the received energy from scatterers such as cars, buildings,
and traffic signs can make an important contribution to the
received signal. Authors conclude that the vehicle commu-
nication channel has not-WSSUS behavior. Although these
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TABLE 2. Comparison of main characteristics of different approaches of vehicular channel models.
simplified 2D models have high versatility and low compu-
tational load, they assume that the scatterers location are in
the horizontal plane. Due to this simplification, these models
cannot simulate the effects on the elevation plane, which
may considerably decrease the scenario realism. Therefore,
GBSMwith a three-dimensional (3D) representation are usu-
ally used to increase the system accuracy. The work presented
in [55] presents a 3D RS GBSM for V2V communication
environments considering the LOS components, the 2-sphere
model components, and the multiple elliptical cylinder model
components. The work concludes that vehicular density has
a significant impact on the statistical channel properties.
In reference [23], a 3D RS-GBSM is also proposed for V2V
communication systems using a 3D Von Mises Fisher rep-
resentation of the scatterers’ environment. In general, 3D
GBSM are considered more general and capable of emulating
a wider range of scenarios, with the disadvantage of higher
computational load and complexity, when compared with 2D
models.
Some standardized 5G models that fall under this cat-
egory are the following: QuaDRiGa channel model [56],
Millimeter-Wave Based Mobile Radio Access Network
for 5G Integrated Communications (mmMAGIC) [57],
5GCMSIG [58] channel model and COST 2100 channel
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TABLE 3. Comparison of main features of standardized general vehicular channel models.
model [59]. The latter uses the concept of visibility regions
to simulate the channel non-stationarity conditions and at
the same time achieve spatial consistency. This model is
designed for frequencies below 6 GHz and dual mobility is
not supported, although it may be used in some V2I links,
its utility in V2V environments is very poor. In the case of
mmMAGIC channel model, mmWave frequency bands are
considered with frequencies spanning up to 100 GHz. This
model considers blocking effects although it does not support
dual mobility. The 5GMSIG is a model that supports also a
wide frequency range from 0.5 to 100GHz based on extensive
campaign of measurements and ray tracing simulations. This
model supports a smooth temporal and spatial evolution,
blocking effects and awide variety of scenarios. Despite these
advantages, dual mobility is not supported either. However,
the latest recently released version of the QuaDRiGa channel
model supports dual mobility considering a wide range of
frequencies (0.45-100 GHz), buy the dynamic blockage is
not yet implemented. Nevertheless, in general, the no dual
mobility and/or blockage modeling capabilities of these mod-
els make them unsuitable for V2V communication, although
the V2I link types can find useful insights on these channel
models.
D. GEOMETRY BASED DETERMINISTIC MODELS
Geometry based deterministic propagation models (GBDM)
characterize the channel communication using detailed sce-
nario information. They are site-specific methods and are
generally highly expensive at the computational level.
Deterministic models whose application consists of the solu-
tion of Maxwell’s equations, as the Method-of-Moments
(MoM) and Finite Differences Time Domain (FDTD), are
generally used in small areas where high precision is needed.
These methods are full-wave techniques and are mainly used
in radiation diagram antenna patterns. Due to the high com-
putational load in their implementation, they are not related
to large areas such as vehicular communications. The alter-
native is the use of deterministic geometric methods such as
Ray Tracing (RT), rebuilding the virtual propagation envi-
ronment with the assistance of Geometrical Optics (GO) and
Geometrical Theory of Diffraction (UTD). The accuracy of
this approaches depends on a strict description of the prop-
agation environment and all the components/scatterers that
may affect the wave propagation (i.e., buildings, trees, etc.).
In Fig. 2, an example of the received signal strength (RSS)
in a bi-dimensional plane for a certain height using a RT
algorithm is presented. A I2V link in a real urban environment
has been simulated considering all the presented scatterers
within the scenario such as different shapes of buildings,
trees and vehicles on the road. The received power at the
vehicle’s roof height is represented, showing that the mor-
phology and topology of the scenario have a great impact in
radio wave propagation. The main difference of the RT-based
methods, compared to the empirical and theoretical ones,
is that these methods do not offer simple formulas for the
path loss calculation. RT methods use exhaustive simulations
with the assistance of numerical methods, in order to solve
approximations of Maxwell’s equations [60].
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FIGURE 2. GBDM approach results in an urban environment.
One of the pioneers in the use of RT in vehicular communi-
cations is the work presented in [61], which uses this method
to determine the propagation characteristics in a scenario
with different types of vehicles. Simulation results were com-
pared with a 5.2 GHz measurement campaign conducted in
Karlsruhe, Germany showing good agreement between them.
In addition, the work presented in [62] shows a comparative
study between a measurement campaign and a RT propaga-
tion model at 5.6 GHz for V2V communication, specifically
in an intersection scenario. Authors state that diffuse scatter-
ing is not considered in the proposedmodel and they conclude
that power contributions of high-order diffuse scattering can-
not always be ignored. In more recent studies, the use of
mmWave systems has applied RT techniques to determine
channel propagation characteristics. An example is the work
presented in [63], which performs an experimental analysis
at 28 GHz with a channel sounder, which is compared with a
RT simulation software. Due to the high diffraction and pen-
etration losses in the mmWave bands, multiple diffraction of
more than 2 penetrations are not considered in this study. It is
also noted that for model simplicity, obstacles such as cars,
people, or street objects are not considered as well, and build-
ings are moderated as flat surfaces. Another work presented
in [64] uses the RT technique to characterize the channel com-
munication in a V2I environment, showing results of PDP,
PL, Root-Mean-Square (RMS) delay spread, and K-factor.
Different types of vehicles are used in the simulation and
the virtual reconstruction of the stage is carried out with
the assistance of Open Street Map software. Modeling the
blocking effects on propagation channels is one of the most
complex tasks to perform. Works such as reference [65] use
the RT technique to derive propagation models in vehicular
communications. This specific study focused on themmWave
frequency band and the blocking effects by other objects. The
work proposed in [66] aims to accelerate simulations based
on RT with the implementation of quasi-stationary regions.
This work is carried out for the analysis of V2I communi-
cations in the mmWave band (28 GHz). Authors conclude
that the use of new intervals (quasi-stationary regions) for
the acceleration of RT allows obtaining similar parameters
to the performed simulations in medium wavelength inter-
vals. RT modeling techniques has also been used for the
communications channel for high-speed trains (HST). The
works presented in [67] uses a RT software to explore the
different characteristics of the propagation medium for HST.
It is conducted at 25.25 GHz frequency and is validated
for urban, rural and tunnel communication environments.
Other works in mmWave bands that use RT can be found
in [68], [69]. The RT technique is one of the deterministic
electromagnetic modeling tools that achieves a good per-
formance/tradeoff between accuracy and computational cost.
The development of positioning technologies, joint with the
access to the geographic and topological database of cities
and vehicular environments will lead to the integration of RT
techniques in many of the modern software for the analysis
of electromagnetic propagation channels.
Some standardized models that use the GBDM in com-
bination with GBSM modeling for the 60 GHz frequency
band are the following: IEEE 802.11ay channel model [70]
and MiWEBA channel model [71]. These approaches are
also called quasi-deterministic models (Q-D). The MiWEBA
channel impulse response (CIR) uses the composition of
deterministically modeled rays and rays generated from ran-
dom arrangements of clusters following a certain distribution.
The IEEE 802.11ay follows the MiWEBA design with the
addition of rays related to moving objects such as vehicles.
These rays are stochastically modeled like their counterpart
in MiWEBA but with a short existence duration. Both mod-
els support dual mobility, although due to their design in
the 60 GHz band and the high mobility of the vehicular
environment, they may not be suitable for its use in V2X.
In addition, following this hybridization between determin-
istic and stochastic methods, Mobile and wireless communi-
cations Enablers for the Twenty–twenty Information Society
(METIS) [72], 3GPP TR.38.901 [73], and IMT-2020 channel
model [74] propose hybrid alternatives between map-based
approach and the already well-established stochastic models.
In this configuration, these models support a wide spectrum
of frequency bands (e.g. 0.5-100 GHz), massive MIMO and
spatial consistency. Nevertheless, dual mobility is not yet
supported in 3GPP TR.38.901 and IMT 2020 channel models
and is limited in the hybrid METIS model.
IV. FUTURE CHALLENGES
A. ANTENNA PLACEMENT/DIVERSITY
The optimal location of antennas in vehicular environments
has been studied on several occasions, despite this, it is
an area that needs further in-depth studies. Although some
research indicates the location on the roof of the vehicle
as the optimal location, this aspect may not be the best for
the visual or aesthetic aspects of the vehicle considering its
streamlined shape. In this sense, further analysis results are
needed in terms of location placement alternatives in order
to increase the onboard antennas’ capabilities. In addition,
the use of multiple antennas on the body of the vehicle and
its efficient location is also an area that needs more research,
as multiple antennas can assist in improving aspects of signal
quality. In the case of V2I communication, aspects related to
the location, height, and density of the roadside units are still
an open area of investigation. Analysis dedicated to the opti-
mization of these infrastructures, which takes into account
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aspects of the vehicular environment and their optimal cov-
erage, is still under debate. As there is no openly commercial
infrastructure in the vehicular environment, the refinement of
all these aspects is still a relatively new area, and future works
in this line will contribute to this domain.
B. ALL-IN MODELS
The vehicular environment is characterized by high mobil-
ity in non-stationary conditions with relatively low height
antennas. Models which are capable of capturing all these
characteristics while reducing computational complexity
is still an area of constant study. In order to meet the
expectations placed on vehicular communication, models
that support features such as smooth space-time evolution,
a non-stationary channel, and micro-mobility are necessary
for the development and testing of future vehicular commu-
nication systems. MIMO systems are very likely to be tied to
vehicular communication in the near future as it can be seen
from the fifth-generation arrival. Therefore, precise spatial
information will be pivotal for a proper channel characteriza-
tion. In this aspect, geometric or hybrid models are preferred
over stochastic models. The development of vehicular com-
munication models that optimally takes all these effects into
account is still a field of open research.
C. VEHICULAR DENSITY, PEDESTRIANS, OBJECTS
ACCOUNTABILITY
Although simple models have the ability to scale up at the
system level more easily, effects such as traffic density,
common objects on the sidewalk, and vegetation have been
identified as parameters that can significantly influence the
wireless link. This is especially true at high frequencies,
where the promise that mmWave frequency bands will allow
high throughput, and low communication latencies can be
compromised by models approaches that do not take these
into account. Although different investigations in the litera-
ture have studied these issues, the empirical analysis of the
influence of any of these effects on communication parame-
ters is still of research interest. The inclusion of these propa-
gation effects optimally into the different propagation models
is a domain open to debate.
D. SYSTEM LEVEL SIMULATION MODELS
Although the introduction of more features of the commu-
nications medium would shed more light on how wireless
communications behave on the vehicular link, system-level
simulations may not be as practical with this excess in com-
plexity. Balancing between which aspects are important to
characterize and which are not is a task to describe taking
into account the specific characteristics of the vehicular envi-
ronment. Vehicle communications encompass various types
of links and capturing all these links massively and simulta-
neously (multiple V2V, V2P, V2I) is a complex task far from
being a problem solved. Propagation models that can scale
up to massive simulations at the system level and maintain
a relatively low computational complexity while accounting
for characteristic aspects of the vehicular communication
channel is still a project under development.
E. POOR WEATHER CONDITIONS MEASUREMENTS AND
MODELS
Several measurement campaigns have been organized to
obtain information from the vehicular wireless communi-
cation channel, together with multiple models which have
been proposed, but most of these models, as well as the
measurement campaigns, are presented or obtained in optimal
weather conditions. More measurement campaigns, specif-
ically focused on the vehicular environment under poor
weather conditions such as fog, light/moderate/heavy rain are
needed. This is a more delicate matter for communications
under the conditions of mmWave frequencies, as impact of
these conditions in these frequencies needs deeper analysis.
The synthesis of these effects and their abstraction to current
propagation models is a matter of interest in the future of
vehicular communications.
F. BEAM TRACKING ANALYSIS
Beamforming is expected to be a key aspect of upcom-
ing communication technologies, with many advantages in
energy/spatial efficiency. Owing to beamforming technology,
beam tracking algorithms are going to be summited to heavy
conditions under the V2X links. Mobility is closely tied to
the performance of beam tracking algorithms, and models
that can account for realistic deployment and mobility are
needed [76]. For V2V communications the temporal con-
straints for beam tracking are more strict and further analysis
on this aspect is a matter of interest.
V. CONCLUSION
In this paper, a comprehensive review of vehicular com-
munication technologies is presented, focused mainly on
recent channel models approaches and measurements cam-
paign in vehicular related environments. Although extensive
research has been performed in the area, there are still several
important obstacles that need to be addressed before V2X
communication becomes a widespread technology. Vehicular
propagation models that take into account the effects of vege-
tation, pedestrians, common objects, micro-mobility, massive
MIMO systems, spherical wavefront, and non-stationarity
of the channel are still under development. At the system
level simulation, the reduction in complexity of these mod-
els, while considering these features, will allow deeper and
more precise insights of the vehicular communication link as
well as the accurate evaluation of beam tracking. Although
multiple measurement campaigns have been carried out,
more data is still needed to derive information from the
vehicular wireless communication channel. This is especially
true for communication in mmWave frequency bands where
the scarcity of vehicular measurement campaigns is higher.
Although vehicular communication in the context of ITS and
smart cities promise to achieve high standards in organiza-
tion, optimization and reduction of risks and accidents, it is
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still a relatively premature technology. This paper presents
some of the recent directions taken by researchers in the area
towards modeling the vehicular communications channel and
summarizes some of the critical challenges to be solved in the
field, which in the context of the near future are presented as
research opportunities.
REFERENCES
[1] World Health Organization. (2018). Global Status Report on Road
Safety 2018: Summary. Accessed: Sep. 11, 2019. [Online]. Available:
http://apps.who.int/bookorders
[2] Z. MacHardy, A. Khan, K. Obana, and S. Iwashina, ‘‘V2X access tech-
nologies: Regulation, research, and remaining challenges,’’ IEEE Com-
mun. Surveys Tuts., vol. 20, no. 3, pp. 1858–1877, 3rd Quart., 2018, doi:
10.1109/COMST.2018.2808444.
[3] S. A. A. Shah, E. Ahmed, M. Imran, and S. Zeadally, ‘‘5G for vehicular
communications,’’ IEEE Commun. Mag., vol. 56, no. 1, pp. 111–117,
Jan. 2018, doi: 10.1109/MCOM.2018.1700467.
[4] W. Viriyasitavat, M. Boban, H.-M. Tsai, and A. Vasilakos, ‘‘Vehicular
communications: Survey and challenges of channel and propagation mod-
els,’’ IEEE Veh. Technol. Mag., vol. 10, no. 2, pp. 55–66, Jun. 2015, doi:
10.1109/MVT.2015.2410341.
[5] A. Molisch, F. Tufvesson, J. Karedal, and C. Mecklenbrauker, ‘‘A survey
on vehicle-to-vehicle propagation channels,’’ IEEE Wireless Commun.,
vol. 16, no. 6, pp. 12–22, Dec. 2009, doi: 10.1109/MWC.2009.5361174.
[6] L. Liang, H. Peng, G. Y. Li, and X. Shen, ‘‘Vehicular communications:
A physical layer perspective,’’ IEEE Trans. Veh. Technol., vol. 66, no. 12,
pp. 10647–10659, Dec. 2017, doi: 10.1109/TVT.2017.2750903.
[7] V. Va, T. Shimizu, G. Bansal, and R. W. Heath, Jr., ‘‘Millimeter wave
vehicular communications: A survey,’’ Found. Trends Netw., vol. 10, no. 1,
pp. 1–113, 2016, doi: 10.1561/1300000054.
[8] X. Wang, L. Kong, F. Kong, F. Qiu, M. Xia, S. Arnon, and G. Chen,
‘‘Millimeter wave communication: A comprehensive survey,’’ IEEE Com-
mun. Surveys Tuts., vol. 20, no. 3, pp. 1616–1653, 3rd Quart., 2018, doi:
10.1109/COMST.2018.2844322.
[9] C.-X. Wang, J. Bian, J. Sun, W. Zhang, and M. Zhang, ‘‘A sur-
vey of 5G channel measurements and models,’’ IEEE Commun. Sur-
veys Tuts., vol. 20, no. 4, pp. 3142–3168, 4th Quart., 2018, doi:
10.1109/COMST.2018.2862141.
[10] M. Xiao, S. Mumtaz, Y. Huang, L. Dai, Y. Li, M. Matthaiou,
G. K. Karagiannidis, E. Bjornson, K. Yang, C.-L. I, and A. Ghosh,
‘‘Millimeter wave communications for future mobile networks,’’ IEEE
J. Sel. Areas Commun., vol. 35, no. 9, pp. 1909–1935, Sep. 2017, doi:
10.1109/JSAC.2017.2719924.
[11] P. Ferrand, M. Amara, S. Valentin, and M. Guillaud, ‘‘Trends and
challenges in wireless channel modeling for evolving radio access,’’
IEEE Commun. Mag., vol. 54, no. 7, pp. 93–99, Jul. 2016, doi:
10.1109/MCOM.2016.7509384.
[12] J. Huang, Y. Liu, C.-X. Wang, J. Sun, and H. Xiao, ‘‘5G millimeter wave
channel sounders, measurements, and models: Recent developments and
future challenges,’’ IEEE Commun. Mag., vol. 57, no. 1, pp. 138–145,
Jan. 2019, doi: 10.1109/MCOM.2018.1701263.
[13] T. S. Rappaport, Y. Xing, G. R. MacCartney, A. F. Molisch, E. Mellios,
and J. Zhang, ‘‘Overview of millimeter wave communications for fifth-
generation (5G) wireless networks–with a focus on propagation models,’’
IEEE Trans. Antennas Propag., vol. 65, no. 12, pp. 6213–6230, Dec. 2017,
doi: 10.1109/TAP.2017.2734243.
[14] K. Haneda, ‘‘Channel models and beamforming at millimeter-wave fre-
quency bands,’’ IEICE Trans. Commun., vol. E98.B, no. 5, pp. 755–772,
2015.
[15] T. M. Ho, T. D. Tran, T. Ti Nguyen, S. M. A. Kazmi, L. B. Le, C. S. Hong,
and L. Hanzo, ‘‘Next-generation wireless solutions for the smart factory,
smart vehicles, the smart grid and smart cities,’’ 2019, arXiv:1907.10102.
[Online]. Available: http://arxiv.org/abs/1907.10102
[16] F. Jameel, S. Wyne, S. J. Nawaz, and Z. Chang, ‘‘Propagation chan-
nels for mmWave vehicular communications: State-of-the-art and future
research directions,’’ IEEEWireless Commun., vol. 26, no. 1, pp. 144–150,
Feb. 2019, doi: 10.1109/MWC.2018.1800174.
[17] A. Tassi, M. Egan, R. J. Piechocki, and A. Nix, ‘‘Modeling and design of
millimeter-wave networks for highway vehicular communication,’’ IEEE
Trans. Veh. Technol., vol. 66, no. 12, pp. 10676–10691, Dec. 2017, doi:
10.1109/TVT.2017.2734684.
[18] L. Kong, M. K. Khan, F. Wu, G. Chen, and P. Zeng, ‘‘Millimeter-wave
wireless communications for IoT-cloud supported autonomous vehicles:
Overview, design, and challenges,’’ IEEE Commun. Mag., vol. 55, no. 1,
pp. 62–68, Jan. 2017, doi: 10.1109/MCOM.2017.1600422CM.
[19] R. He, C. Schneider, B. Ai, G. Wang, Z. Zhong, D. A. Dupleich,
R. S. Thomae, M. Boban, J. Luo, and Y. Zhang, ‘‘Propagation channels of
5G millimeter-wave vehicle-to-vehicle communications: Recent advances
and future challenges,’’ IEEE Veh. Technol. Mag., vol. 15, no. 1, pp. 16–26,
Mar. 2020, doi: 10.1109/MVT.2019.2928898.
[20] I. Rodriguez, E. P. Almeida, M. Lauridsen, D. A. Wassie, L. C. Gimenez,
H. C. Nguyen, T. B. Sørensen, and P. Mogensen, ‘‘Measurement-based
evaluation of the impact of large vehicle shadowing on V2X communica-
tions,’’ in Proc. Eur. Wireless Conf., 2016, pp. 142–149.
[21] A. Yamamoto, K. Ogawa, T. Horimatsu, A. Kato, and M. Fujise, ‘‘Path-
loss prediction models for intervehicle communication at 60 GHz,’’
IEEE Trans. Veh. Technol., vol. 57, no. 1, pp. 65–78, Jan. 2008, doi:
10.1109/TVT.2007.901890.
[22] A. F. Molisch, Wireless Communications, vol. 34. Hoboken, NJ, USA:
Wiley, 2012.
[23] Q. Zhu, Y. Yang, X. Chen, Y. Tan, Y. Fu, C.-X. Wang, and W. Li,
‘‘A novel 3D non-stationary vehicle-to-vehicle channel model and
its spatial-temporal correlation properties,’’ IEEE Access, vol. 6,
pp. 43633–43643, Jul. 2018, doi: 10.1109/ACCESS.2018.2859782.
[24] Y. Li, B. Ai, X. Cheng, S. Lin, and Z. Zhong, ‘‘A TDL based non-WSSUS
Vehicle-to-Vehicle channel model,’’ Int. J. Antennas Propag., vol. 2013,
pp. 1–8, 2013, doi: 10.1155/2013/103461.
[25] L. Reichardt, T. Fügen, and T. Zwick, ‘‘Influence of antennas placement on
car to car communications channel,’’ in Proc. Eur. Conf. Antennas Propag.
(EuCAP), 2009, pp. 630–634.
[26] E. Whalen, A. Elfrgani, C. Reddy, and R. Rajan, ‘‘Antenna placement
optimization for vehicle-to-vehicle communications,’’ in Proc. IEEE Int.
Symp. Antennas Propag. USNC/URSI Nat. Radio Sci. Meeting, Jul. 2018,
pp. 1673–1674, doi: 10.1109/APUSNCURSINRSM.2018.8609047.
[27] D.-T. Phan-Huy, M. Sternad, T. Svensson, W. Zirwas, B. Villeforceix,
F. Karim, and S.-E. El-Ayoubi, ‘‘5G on board: How many antennas do
we need on connected cars?’’ in Proc. IEEE Globecom Workshops (GC
Wkshps), Dec. 2016, pp. 1–7, doi: 10.1109/GLOCOMW.2016.7848799.
[28] N. Gonzalez-Prelcic, R. Mendez-Rial, and R. W. Heath, ‘‘Radar aided
beam alignment in mmWave V2I communications supporting antenna
diversity,’’ in Proc. Inf. Theory Appl. Workshop (ITA), Jan. 2016, pp. 1–7,
doi: 10.1109/ITA.2016.7888145.
[29] M. Gan, G. Steinbock, Z. Xu, T. Pedersen, and T. Zemen, ‘‘A hybrid ray
and graph model for simulating Vehicle-to-Vehicle channels in tunnels,’’
IEEE Trans. Veh. Technol., vol. 67, no. 9, pp. 7955–7968, Sep. 2018, doi:
10.1109/TVT.2018.2839980.
[30] M. Gan, Z. Xu, V. Shivaldova, A. Paier, F. Tufvesson, and T. Zemen,
‘‘A ray tracing algorithm for intelligent transport systems in tunnels,’’ in
Proc. IEEE 6th Int. Symp. Wireless Veh. Commun. (WiVeC ), Sep. 2014,
pp. 1–5, doi: 10.1109/WIVEC.2014.6953210.
[31] F. Granda, L. Azpilicueta, M. Celaya-Echarri, P. Lopez-Iturri,
C. Vargas-Rosales, and F. Falcone, ‘‘Spatial V2X traffic density channel
characterization for urban environments,’’ IEEE Trans. Intell. Transp.
Syst., early access, Feb. 26, 2020, doi: 10.1109/TITS.2020.2974692.
[32] S. A. Hadiwardoyo, A. Tomás, E. Hernández-Orallo, C. T. Calafate,
J.-C. Cano, and P. Manzoni, ‘‘Empirical study and modeling of vehicular
communications at intersections in the 5 GHz band,’’ Mobile Inf. Syst.,
vol. 2017, pp. 1–15, Jan. 2017, doi: 10.1155/2017/2861827.
[33] J. Gozalvez, M. Sepulcre, and R. Bauza, ‘‘IEEE 802.11p vehicle
to infrastructure communications in urban environments,’’ IEEE
Commun. Mag., vol. 50, no. 5, pp. 176–183, May 2012, doi:
10.1109/MCOM.2012.6194400.
[34] R. Sun, D.W.Matolak, and P. Liu, ‘‘Parking garage channel characteristics
at 5 GHz for V2 V applications,’’ in Proc. IEEE 78th Veh. Technol. Conf.
(VTC Fall), Sep. 2013, pp. 1–5, doi: 10.1109/VTCFall.2013.6692343.
[35] D. W. Matolak, R. Sun, and P. Liu, ‘‘V2V channel characteristics and
models for 5 GHz parking garage channels,’’ in Proc. 9th Eur. Conf.
Antennas Propag. (EuCAP), 2015, pp. 1–4.
[36] L. Bernado, T. Zemen, F. Tufvesson, A. F. Molisch, and
C. F. Mecklenbrauker, ‘‘Time- and frequency-varying K -factor of
non-stationary vehicular channels for safety-relevant scenarios,’’ IEEE
Trans. Intell. Transp. Syst., vol. 16, no. 2, pp. 1007–1017, Apr. 2015, doi:
10.1109/TITS.2014.2349364.
VOLUME 9, 2021 15911
F. A. Rodríguez-Corbo et al.: Propagation Models in Vehicular Communications
[37] M. F. Iskander and Z. Yun, ‘‘Propagation prediction models for wireless
communication systems,’’ IEEE Trans. Microw. Theory Techn., vol. 50,
no. 3, pp. 662–673, Mar. 2002, doi: 10.1109/22.989951.
[38] C. F. Mecklenbrauker, A. F. Molisch, J. Karedal, F. Tufvesson, A. Paier,
L. Bernado, T. Zemen, O. Klemp, and N. Czink, ‘‘Vehicular channel
characterization and its implications for wireless system design and per-
formance,’’ Proc. IEEE, vol. 99, no. 7, pp. 1189–1212, Jul. 2011, doi:
10.1109/JPROC.2010.2101990.
[39] Z. H. Mir and F. Filali, ‘‘Simulation and performance evaluation of
vehicle-to-vehicle (V2 V) propagation model in urban environment,’’ in
Proc. 7th Int. Conf. Intell. Syst., Modeling Simulation (ISMS), Jan. 2016,
pp. 394–399, doi: 10.1109/ISMS.2016.56.
[40] I. Sen and D. W. Matolak, ‘‘Vehicle–vehicle channel models for the 5-
GHz band,’’ IEEE Trans. Intell. Transp. Syst., vol. 9, no. 2, pp. 235–245,
Jun. 2008, doi: 10.1109/TITS.2008.922881.
[41] L. Cheng, B. Henty, D. Stancil, F. Bai, and P. Mudalige, ‘‘Mobile vehicle-
to-vehicle narrow-band channel measurement and characterization of the
5.9 GHz dedicated short range communication (DSRC) frequency band,’’
IEEE J. Sel. Areas Commun., vol. 25, no. 8, pp. 1501–1516, Oct. 2007, doi:
10.1109/JSAC.2007.071002.
[42] J. Karedal, F. Tufvesson, T. Abbas, O. Klemp, A. Paier, L. Bernado, and
A. F. Molisch, ‘‘Radio channel measurements at street intersections for
vehicle-to-vehicle safety applications,’’ in Proc. IEEE 71st Veh. Technol.
Conf., 2010, pp. 1–5, doi: 10.1109/VETECS.2010.5493955.
[43] M. Nilsson, C. Gustafson, T. Abbas, and F. Tufvesson, ‘‘A path
loss and shadowing model for multilink vehicle-to-vehicle channels in
urban intersections,’’ Sensors, vol. 18, no. 12, p. 4433, Dec. 2018, doi:
10.3390/s18124433.
[44] O. Onubogu, K. Ziri-Castro, D. Jayalath, K. Ansari, and H. Suzuki,
‘‘Empirical vehicle-to-vehicle pathloss modeling in highway, subur-
ban and urban environments at 5.8 GHz,’’ in Proc. 8th Int. Conf.
Signal Process. Commun. Syst. (ICSPCS), Dec. 2014, pp. 1–6, doi:
10.1109/ICSPCS.2014.7021126.
[45] D. W. Matolak, ‘‘Modeling the vehicle-to-vehicle propagation channel:
A review,’’ Radio Sci., vol. 49, no. 9, pp. 721–736, Sep. 2014, doi:
10.1002/2013RS005363.
[46] G. Acosta-Marum and M. A. Ingram, ‘‘Six Time- and frequency-selective
empirical channel models for vehicular wireless LANs,’’ in Proc. IEEE
66th Veh. Technol. Conf., vol. 2, no. 4 Sep. 2007, pp. 2134–2138, doi:
10.1109/VETECF.2007.448.
[47] IEEE Standard for Information Technology–Local and Metropolitan Area
Networks–Specific Requirements—Part 11: Wireless LAN Medium Access
Control (MAC) and Physical Layer (PHY) Specifications Amendment
6: Wireless Access in Vehicular Environments, Standard 802.11p-2010,
Jul. 2010, pp. 1–51, doi: 10.1109/IEEESTD.2010.5514475.
[48] Q. Wang, Z. Zhong, B. Ai, and L. Liu, ‘‘A tapped delay-based chan-
nel model for vehicle-to-vehicle communications,’’ in Proc. 5th IET Int.
Conf. Wireless, Mobile Multimedia Netw. (ICWMMN), vol. 2013, no. 641,
pp. 2.20–2.20, doi: 10.1049/cp.2013.2393.
[49] Y. Li, B. Ai, D. G. Michelson, S. Lin, Q. Wang, and Z. Zhong, ‘‘A method
for generating correlated taps in stochastic vehicle-to-vehicle channelmod-
els,’’ in Proc. IEEE 81st Veh. Technol. Conf. (VTC Spring), May 2015,
pp. 1–5, doi: 10.1109/VTCSpring.2015.7145621.
[50] X. Zhao, J. Kivinen, P. Vainikainen, and K. Skog, ‘‘Characteriza-
tion of Doppler spectra for mobile communications at 5.3 GHz,’’
IEEE Trans. Veh. Technol., vol. 52, no. 1, pp. 14–23, Jan. 2003, doi:
10.1109/TVT.2002.807222.
[51] R. He, B. Ai, G. L. Stuber, G. Wang, and Z. Zhong, ‘‘Geometrical-
based modeling for millimeter-wave MIMO mobile-to-mobile channels,’’
IEEE Trans. Veh. Technol., vol. 67, no. 4, pp. 2848–2863, Apr. 2018, doi:
10.1109/TVT.2017.2774808.
[52] X. Cheng, C.-X. Wang, D. Laurenson, S. Salous, and A. Vasilakos,
‘‘An adaptive geometry-based stochastic model for non-isotropic MIMO
mobile-to-mobile channels,’’ IEEE Trans. Wireless Commun., vol. 8, no. 9,
pp. 4824–4835, Sep. 2009, doi: 10.1109/TWC.2009.081560.
[53] O. Renaudin, V.-M. Kolmonen, P. Vainikainen, and C. Oestges, ‘‘Wide-
band measurement-based modeling of inter-vehicle channels in the 5-GHz
band,’’ IEEETrans. Veh. Technol., vol. 62, no. 8, pp. 3531–3540, Oct. 2013,
doi: 10.1109/TVT.2013.2257905.
[54] J. Karedal, F. Tufvesson, N. Czink, A. Paier, C. Dumard, T. Zemen,
C. F. Mecklenbrauker, and A. F. Molisch, ‘‘A geometry-based stochas-
tic MIMO model for vehicle-to-vehicle communications,’’ IEEE Trans.
Wireless Commun., vol. 8, no. 7, pp. 3646–3657, Jul. 2009, doi:
10.1109/TWC.2009.080753.
[55] Y. Yuan, C.-X. Wang, Y. He, M. M. Alwakeel, and E.-H.-M. Aggoune,
‘‘3D wideband non-stationary geometry-based stochastic models for
non-isotropic MIMO vehicle-to-vehicle channels,’’ IEEE Trans. Wire-
less Commun., vol. 14, no. 12, pp. 6883–6895, Dec. 2015, doi:
10.1109/TWC.2015.2461679.
[56] S. Jaeckel, L. Raschkowski, K. Borner, and L. Thiele, ‘‘QuaDRiGa:
A 3-D multi-cell channel model with time evolution for enabling virtual
field trials,’’ IEEE Trans. Antennas Propag., vol. 62, no. 6, pp. 3242–3256,
Jun. 2014, doi: 10.1109/TAP.2014.2310220.
[57] E. M. Katsuyuki Haneda, L. H. Sinh Nguyen, A. Karttunen, J. Järveläinen,
A. Bamba, R. D’Errico, J. Medbo, F. Undi, S. Jaeckel, N. Iqbal, J. Luo,
and M. Ryba. (2017). Millimetre-Wave Based Mobile Radio Access
Network for Fifth Generation Integrated Communications (mmMAGIC).
Accessed: Aug. 12, 2020. [Online]. Available: https://bscw.5g-
mmmagic.eu/pub/bscw.cgi/202656?op=preview&back_url=201537
[58] (2016). 5G Channel Model for Bands up to 100 GHz. Accessed:
Oct. 2, 2020. [Online]. Available: http://www.5gworkshops.
com/5GCMSIG_White Paper_r2dot3.pdf
[59] L. Liu, C. Oestges, J. Poutanen, K. Haneda, P. Vainikainen, F. Quitin,
F. Tufvesson, and P. Doncker, ‘‘The COST 2100 MIMO channel model,’’
IEEE Wireless Commun., vol. 19, no. 6, pp. 92–99, Dec. 2012, doi:
10.1109/MWC.2012.6393523.
[60] Z. Yun and M. F. Iskander, ‘‘Ray tracing for radio propagation modeling:
Principles and applications,’’ IEEE Access, vol. 3, pp. 1089–1100, 2015,
doi: 10.1109/ACCESS.2015.2453991.
[61] J. Maurer, T. Fugen, T. Schafer, and W. Wiesbeck, ‘‘A new inter-vehicle
communications (IVC) channel model,’’ in Proc. IEEE 60th Veh. Technol.
Conf. (VTC-Fall), 2004, pp. 9–13, doi: 10.1109/VETECF.2004.1399905.
[62] J. Nuckelt, T. Abbas, F. Tufvesson, C. Mecklenbrauker, L. Bernado,
and T. Kurner, ‘‘Comparison of ray tracing and channel-sounder mea-
surements for vehicular communications,’’ in Proc. IEEE 77th Veh.
Technol. Conf. (VTC Spring), Jun. 2013, pp. 1–5, doi: 10.1109/VTC-
Spring.2013.6692484.
[63] S. Hur, S. Baek, B. Kim, Y. Chang, A. F. Molisch, T. S. Rappaport,
K. Haneda, and J. Park, ‘‘Proposal on millimeter-wave channel modeling
for 5G cellular system,’’ IEEE J. Sel. Topics Signal Process., vol. 10, no. 3,
pp. 454–469, Apr. 2016, doi: 10.1109/JSTSP.2016.2527364.
[64] L.Wang et al., ‘‘Vehicle-to-infrastructure channel characterization in urban
environment at 28 GHz,’’ China Commun., vol. 16, no. 2, pp. 36–48,
Feb. 2019.
[65] B. Antonescu, M. T. Moayyed, and S. Basagni, ‘‘MmWave channel
propagation modeling for V2X communication systems,’’ in Proc. IEEE
28th Annu. Int. Symp. Pers., Indoor, Mobile Radio Commun. (PIMRC),
Oct. 2017, pp. 1–6, doi: 10.1109/PIMRC.2017.8292718.
[66] Z. Cui, Z. Zhong, K. Guan, and D. He, ‘‘An acceleration method for
ray-tracing simulation based on channel quasi-stationarity regions,’’ in
Proc. 12th Eur. Conf. Antennas Propag. (EuCAP), 2018, p. 839, doi:
10.1049/cp.2018.1198.
[67] D. He, B. Ai, K. Guan, Z. Zhong, B. Hui, J. Kim, H. Chung, and
I. Kim, ‘‘Channel measurement, simulation, and analysis for high-speed
railway communications in 5G millimeter-wave band,’’ IEEE Trans.
Intell. Transp. Syst., vol. 19, no. 10, pp. 3144–3158, Oct. 2018, doi:
10.1109/TITS.2017.2771559.
[68] A.-Y. Hsiao, C.-F. Yang, T.-S. Wang, I. Lin, and W.-J. Liao, ‘‘Ray trac-
ing simulations for millimeter wave propagation in 5G wireless com-
munications,’’ in Proc. IEEE Int. Symp. Antennas Propag. USNC/URSI
Nat. Radio Sci. Meeting, Jul. 2017, pp. 1901–1902, doi: 10.1109/APUS-
NCURSINRSM.2017.8072993.
[69] S. G. Larew, T. A. Thomas, M. Cudak, and A. Ghosh, ‘‘Air interface design
and ray tracing study for 5G millimeter wave communications,’’ in Proc.
IEEE Globecom Workshops (GC Wkshps), Dec. 2013, pp. 117–122, doi:
10.1109/GLOCOMW.2013.6824972.
[70] Y. Ghasempour, C. R. C. M. da Silva, C. Cordeiro, and E. W. Knightly,
‘‘IEEE 802.11ay: Next-generation 60 GHz communication for 100 Gb/s
Wi-Fi,’’ IEEE Commun. Mag., vol. 55, no. 12, pp. 186–192, Dec. 2017,
doi: 10.1109/MCOM.2017.1700393.
[71] A. Maltsev. (2014). MiWEBA Millimetre-Wave Evolution for
Backhaul and Access WP5: Propagation, Antennas and Multi-
Antenna Techniques D5.1: Channel Modeling and Characterization.
Accessed: Oct. 2, 2020. [Online]. Available: https://www.miweba.eu/wp-
content/uploads/2014/07/MiWEBA_D5.1_v1.011.pdf
[72] V. Nurmela. (2015). Deliverable D1.4 METIS Channel Models.
Accessed: Aug. 12, 2020. [Online]. Available: https://metis2020.com/wp-
content/uploads/deliverables/METIS_D1.4_v1.0.pdf
15912 VOLUME 9, 2021
F. A. Rodríguez-Corbo et al.: Propagation Models in Vehicular Communications
[73] Study on Channel Model for Frequencies from 0.5 to 100 GHz
(3GPP TR 38.901 Version 14.0.0 Release 14), document TR 138
901 - V14.0.0 - 5G, ETSI 3rd Generation Partnership Project
(3GPP), 2017. Accessed: Aug. 22, 2019. [Online]. Available:
https://portal.etsi.org/TB/ETSIDeliverableStatus.aspx
[74] (2017). Guidelines for Evaluation of Radio Interface Technologies
for IMT-2020. Accessed: Oct. 2, 2020. [Online]. Available:
https://www.itu.int/pub/R-REP-M.2412-2017
[75] X. Wang, E. Anderson, P. Steenkiste, and F. Bai, ‘‘Improving the accuracy
of environment-specific channel modeling,’’ IEEE Trans. Mobile Comput.,
vol. 15, no. 4, pp. 868–882, Apr. 2016, doi: 10.1109/TMC.2015.2424426.
[76] M. Mezzavilla, M. Zhang, M. Polese, R. Ford, S. Dutta, S. Rangan,
and M. Zorzi, ‘‘End-to-end simulation of 5G mmWave networks,’’ IEEE
Commun. Surveys Tuts., vol. 20, no. 3, pp. 2237–2263, 3rd Quart., 2018,
doi: 10.1109/COMST.2018.2828880.
FIDEL ALEJANDRO RODRÍGUEZ-CORBO
received the degree in telecommunications and
electronics engineering from the University of
Pinar del Río (UPR) Cuba, in 2012, and the mas-
ter’s degree in electronic systems design from the
Technological University of Havana in 2018. He is
currently pursuing the Ph.D. degree in engineering
science with the Networks and Telecommunica-
tions Research Group, Tecnologico de Monterrey,
Mexico. From 2015 to 2018, he worked as an
Associate Professor with the Department of Telecommunications, Tech-
nological University of Havana. His research interests include radio prop-
agation, wireless sensor networks, embedded systems, and digital signal
processing.
LEYRE AZPILICUETA (Senior Member, IEEE)
received the degree in telecommunications
engineering, the master’s degree in communica-
tions, and the Ph.D. degree in telecommunica-
tion technologies from the Public University of
Navarre (UPNA), in Spain, in 2009, 2011, and
2015, respectively. In 2010, she worked with the
Research and Development Department, RFID
Osés, as a Radio Engineer. She is currently work-
ing as an Associate Professor and a Researcher
with theTecnologico de Monterrey, Campus Monterrey, Mexico. She has
more than 150 contributions in relevant journals and conference publications.
Her research interests include radio propagation, mobile radio systems,
wireless sensor networks, ray tracing, and channel modeling. She was a
recipient of the IEEE Antennas and Propagation Society Doctoral Research
Award 2014, the Young Professors and Researchers Santander Universities
2014Mobility Award, the ECSA 2014 Best Paper Award, the IISA 2015 Best
Paper Award, the Best Ph.D. in 2016 awarded by the Colegio Oficial de
Ingenieros de Telecomunicación, the N2Women: Rising Stars in Computer
Networking and Communications 2018 Award, the ISSI 2019 Best Paper
Award, and the Junior Research Raj Mittra Travel Grant 2020.
MIKEL CELAYA-ECHARRI (Graduate Student
Member, IEEE) received the degree in computer
science engineering and the master’s degree in
project management from the Public University of
Navarre (UPNA), Pamplona, Navarre, in 2011 and
2015, respectively. He is currently pursuing the
Ph.D. degree in engineering of science from
the Tecnologico de Monterrey, Mexico. He has
worked in different research projects with Tafco
Metawireless S. L. (telecommunications company
placed at Navarre, Spain). He has been a Visiting Assistant with the Net-
works and Telecommunications Research Group, Tecnologico deMonterrey,
from 2015 to 2017. His research interests include wireless sensor networks,
radiopropagation, dosimetric analysis, project management, and computer
science.
ANA VAZQUEZ ALEJOS (Member, IEEE)
received the M.S. and Ph.D. degrees from the Uni-
versity of Vigo, Spain, in 2000 and 2006, respec-
tively. She completed the Ph.D. thesis on the radio
channel characterization for the millimetre-wave
frequencies. In 2009, she was granted with the
Marie Curie International Outgoing Fellowship,
carrying out the outgoing phase with the Klipsch
School of ECE, New Mexico State University,
Las Cruces, NM, USA, with a research focused
on measurement and modeling of propagation through dispersive media
and radar waveform generation. She is currently an Associate Professor
with the Department of Signal Theory and Communications, University
of Vigo. Her research interests include radio propagation, communication
electronics, radio channel modeling, multimedia wireless systems, waveform
and noise code design, and radar and antennas. Her master’s thesis received
the Ericcson Award from the Spanish Association of Electrical Engineers,
as the Best MultimediaWireless Project, in 2002. She served as an Associate
Editor for AEUE Journal (Elsevier). She is a reviewer of several the IEEE
and IET journals.
FRANCISCO FALCONE (Senior Member, IEEE)
received the degree in telecommunication engi-
neering and the Ph.D. degree in communica-
tion engineering from the Universidad Pública
de Navarra (UPNA), Spain, in 1999 and 2005,
respectively. From February 1999 to April 2000,
he was a Microwave Commissioning Engineer
with Siemens/Italtel, deploying microwave access
systems. From May 2000 to December 2008,
he was a Radio Access Engineer with Telefónica
Móviles, performing radio network planning and optimization tasks in
mobile network deployment. Hewas anAssistant Lecturer with the Electrical
and Electronic Engineering Department, UPNA, from February 2003 to
May 2009. From January 2009 toMay 2009, he was a Co-FoundingMember,
the Director of Tafco Metawireless, and a spin-off company with UPNA.
In June 2009, he was an Associate Professor with the EE Department, and
the Department Head, from January 2012 to July 2018. From January 2018 to
May 2018, he was a Visiting Professor with the Kuwait College of Science
and Technology, Kuwait. He has also been the Department Head, since
July 2019. He is currently affiliated with the Institute for Smart Cities (ISC),
UPNA, which hosts around 140 researchers. He is also the Head of the
ICT Section. He has more than 500 contributions in indexed international
journals, book chapters, and conference contributions. His research inter-
ests include computational electromagnetics applied to analysis of com-
plex electromagnetic scenarios, with a focus on the analysis, design, and
implementation of heterogeneous wireless networks to enable context aware
environments. He received the CST 2003 and CST 2005 Best Paper Award,
the Ph.D. Award from the Colegio Oficial de Ingenieros de Telecomuni-
cación (COIT) in 2006, the Ph.D. Award UPNA in 2010, the First Juan
Gomez Peñalver ResearchAward from theRoyal Academy of Engineering of
Spain in 2010, the XII Talgo Innovation Award in 2012, the IEEE 2014 Best
Paper Award in 2014, the ECSA-3 Best Paper Award in 2016, and the ECSA-
4 Best Paper Award in 2017.
VOLUME 9, 2021 15913
